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Abstract 
Plasmon-LO-phonon coupled mode sideband of exciton absorption spectra is investigated by 
means of the dielectric function formalism. Exciton-coupled mode field coupling strength is calcula­
ted against the free carrier concentration, 101� 1018 em-� At any concentrations it is found that the 
coupling strength is very small. A possibility of the observation of this sideband is discussed. 
1 . Introduction 
In a highly doped semiconductor the free carrier concentrations are high enough for a plasma 
mode to be observed, of which frequency is controlled by impurity concentrations. This carrier 
plasmon interacts with a longitudinal optical(LO)-phonon and when its frequency is close to a LO­
phonon frequency, the plasmon-LO-phonon, (which is denoted by P-LO, hereafter) coupled mode states 
are realized in crystals. Such a coupled mode state was observed by the Raman spectra in In-doped 
CdS[1] and theoretically studied by calculating the charge-charge correlation function for a plasmon­
phonon system[2] . 
A simillar state can be expected in a high density electron-hole system under an intense laser 
excitation. When high densities of carriers and excitons are created in crystals, the properties of 
excitons themselves may be drastically changed, exciton-electron, exciton-exciton[3] and excitonic 
molecule [4] processes have been proposed to acount for observed stimulated emission spectra. In the 
case of low densities of electron-hole pairs, all the electrons and holes are coupled to one another to 
form excitons. With increasing an electron-hole pair density, excitons dissociate to create free 
electron-hole pairs due to the exciton-exciton collision. or the dynamical screening effects of free 
carriers. The free carrier densities therefore increase rapidly with increasing the excitation intensities. 
The aspects of emission spectra due to the exciton-electron collision suggest the existence of a vast 
number of free carriers[3]. One may expect that an exciton co-exists with a free carrier plasmon 
at the limitted excitation intensities. In the case of CdS, this carrier plasma frequency is close to a 
LO-phono frequency near below the critical density of the Mott transition. The P-LO coupled mode 
state may be realized at the free carrier density, 101!. 1018 cm-3• 
Recently, Souma and Yaj ima [5] have observed new emission spectra below one-LO-phonon l ine 
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of excitons in CdS. From the excitation intensity dependence of the peak energy shifts and the in­
tensities of this line, they tentatively attributed it to the P-LO coupled mode sideband of excitons at 
certain excitation region. 
In this paper , the P-LO sideband of exciton absorption spectra is formulated by means of the 
dielectric function method. A possible condition to observe this sideband is discussed. 
2. Calculation of the P-LO Coupled Mode Sideband of excitons 
Exciton absorption spectra are calculated by the change of the dielectric field, which is the P-LO 
coupled field in our model. For simplicity, the relative motion of excitons is restricted to IS exciton 
level neglecting the interband scattering of excitons. 
The Hamiltonian for the initial state is written as 
(1) 
and that for the final state as 
Hr = H; + H•""+ H' , (2) 
where He is the unperturbed coupled field Hamiltonian and H•"" is the kinetic energy of excitons. 
The perturbed Hamiltonian H'  is given as follows: 
(3) 
where pq is the density fluctuation operator of the P-LO coupled field and c;, Ck are the creation 
and anihilation operator of excitons. The exciton P-LO field coupling matrix element Vq is given 
as 
V _ �e• ( 1 _ 1 J q- a• q• l(l)•+a"q•l• j(l)•+pq•l• ' a a (4) 
where a is a Bohr radius of an exciton and a=m./M, j3=mh/M, M=m.+mh.Here m., mh are the 
effective mass of electrons and holes, respectively. The material constants of CdS in Table 1 are 
used here. 
Table 1 Material constants of CdS 
effective electron mass m .  0.2 m [6] 
effective hole mass m h 1 .4 m [6] 
Bohr radius of the exciton a 25 A 
static dielectric constant €o 8.46 [7] 
optical dielectric constant €.., 5.20 [8] 
LO phonon frequency 320 em -1 [3] WL 
TO phonon frequency -1 CVr em 
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The line shape of the absorption spectra of this system is represented by the well known formula, 
+ . • F(w)=� r I <f I ck I I> I O(w-E r+E ;) . (5) 
where w is the photon energy I i> and E ;, I f> and E r  are the eigenstate and eigenvalue of H ;, H r. 
respectively. Equation (5) is rewritten as 
F(w)= f dt exp(iwt)<i I Ck exp[-i(H ,-E ;)t]C: I i> (6) 
In calculating equation (6), it is convenient to calculate its Fourier transform, i. e., the so-called 
generating function: 
f(t)= <i I Ckexp [ -i(H ,-E ;)t] c: I i> 
= <i I Ckexp [-i(H o-E ;)t] U(t)Ct I i> 
= exp(-iE 0t)<  e I U (t) I e> (7) 
where I e>=C: I i> is the ground state of H 0=H ;+H:". and 
U(t)= Texp [ -i J dt exp(iH 0t)H 'exp(-iH 0t) ] , (8) 
is the S-matrix. In equation (7) E0=E g-Egxc, is the IS exciton energy, where Egxc is the exciton 
binding energy and the excxciton momentum created by optical transitions is put equal to zero. 
In the present calculations, we restrict the discussion within the second order perturbation 
expansion of <e I U(t) I e), which gives 
q• 1 <e I U(t) I e>=�- I Vq 1• f dwlm[ -�) ] 1t .,,q,w 
(9) 
where wq=il• q2/2 M is a recoil energy of an exciton. In deriving (9) we used the following relation, 
q• 1 <pq(t) p q(t)>=- J dwlm[-�) ] exp(-iwt) . 1t .,,q,w (10) 
The dielectric function E(q,w) of the P-LO coupled field appeared in (9) and (10) can be written as 
the sum of a lattice and a free carrier term as follows. 
(11) 
In equation (11 )  w is the backgroud dielectric constant, w L and wr are the LO-, TO-phonon frequen­
cies and w p = 41C'ne2/ J.t, is the electronhole plasma frequency. H ere J.l is a reduced mass of an exciton. 
The coupled mode pole approximation is introduced for Im [-e(O,w)-1] at this stage. 
(12) 
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Thus we assume that the dielectric function of this system has poles at w= ww,w1 which are the p. 
LO frequencies as are shown in Fig. 1. The parameter Ow. 01, related to the residue of the pole are 
given as 
n. 
(w�+w¥ -w2) w.-wpW1 Wt 0 _ WpW1 w.-(w�+w¥-wf) Wt 2 (w�-wl) ' 1 - 2 (w�-wf) (13) 
which are shown in Fig.2 as a function of free carrier concentrations. Inserting (12) to (9), <e 1 U(t) 1 e> 
is expressed as 
<e I U (t) I e>= �q q2 I Vq 12.!. [0.11-exp (-iw.t-iwqt)-i (w.+wq) t\ 
Fig. 1 
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Fig. 2 
The concentration dependences of the dielectric 
function pole intensity n., n, . 
Then we approximate the second factor of the right hand side of (7) by equation (14) ,  namely the 
generating function f (t) is obtained as follows. 
f (t)=exp (-iE0t) exp (-<e I U (t) I e>) 
=exp (-iE0t-S+S (t)+i�t) , (15) 
where S, S (t) and � are the first, second and third term of equation (14) ,  respectively. The Fourier 
transform of equation (15) yield the final form of F (w): 
F (w)=exp ( -S) J dtexp!i (w-E0+�) t\expl-S (t)\ (16) 
This is the same form as that for the phonon sideband theory of excitons [9]. The important diffe­
rence from the phonon sideband case is that the coupling strength S and the self-energy � are the 
function of free carrier concentrations. The coupling strength which determines the intensity of the 
sideband structure is expressed as 
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The concentration dependences of the coupling strengh 
S (solid line), dashed and dot-dash l ine are the upper 
and the lower branch contributions, respectively. 
The concentration dependence of the zero l ine 
intensity. 
The concentration dependences of the coupling strength are shown in Fig.3. The zero line and the 
one P-LO coupled mode sideband of exciton absorption spectra are obtained by writing expj-S (t)f 
= 1-S (t) in equation (16) ,  which gives 
F (w)=F"(w)+ F'(w) , (18) 
where F0 (w) and F1 (w) are the zero and the one P-LO line shape, respectively, are given as 
X 
2 z 2 M � 
2 (-)+-( a2+m) (w -w ) a 1'J.2 JJ • 
(19) 
(20) 
This sideband shape function starts at the threshold w = w1, and the peak appears somewhere be­
yond this threshold because of the recoil energy of excitons, extending towards the higher energ y 
side. The overall line shape are shown in Fig.5 for various free carrier concentrations. The ab­
sorption edges shift to the higher energy side with concentrations and the integrated intensities of 
the upper and the lower branch assisted sidebands correspond to the change of the coupling strength. 
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Fig.5 
3. Discussions 
Fig. 5 
The one coupled mode sidebands of exciton absorption spectra for various 
concentrations. The energy measured from the bottom of a lS exciton 
band. 
b 
We have calculated the overall line shape of the P-LO coupled mode sidebands of exciton absorp-
tion spectra by means of the dielectric function formalism. The dielectric function of the coupled 
mode field was further approximated by the two coupled mode poles. 
In the present model the exciton instability due to the screening effects by free carriers is not 
considered. It is therefore inapplicable to the high concentration region where excitons lose its 
meaning to dissoiate to free electron-hole pairs. The coupling strength shown in Fig.3 represents 
the weak coupling of an exciton-coupled mode interaction, the multi-mode sideband structures are 
negligible small. The one P-LO sideband intensity is therefore approximated by I, =1-exp (-S), 
which gives the intensity ratio the sideband to the zero line 
I, 1-exp ( -S) 
I 0 exp (-S) 
s 
This is an order of magnitude amaller than the estimated. by the ordinary phonon sideband theory 
of excitons [9, 10]. Unfortunately, available experimental data have not been reported. This is 
because, as are stated at the beginning of this paper, that the P-LO coupled states will be realized 
in a high concentration electron-hole system. It seems very difficult to obtain exciton absorption 
spectra because of a fast recombination between electrons and holes. Then the P-LO sideband of 
an exciton may be observed in emission spectra, if possible. 
The results of this paper suggest that this emission band has remarkable feutures, i.e., the inte­
grated emission intensities increase a few percents and its peak positions shift towards lower energy 
side correspondiog to the coupled mode frequencies with increasing carrier concentrations. Further­
more, the lower branch assisted spectra may not be observed at any concentrations by the following 
reason. In the low value of n, it is buried in the tail of the zero l ine because of the weak intensity 
and the small energy separation from the zero line. On the other hand, in the high value of n, the 
integrated intensity is very small as is shown in Fig. 3. The upper branch assisted spectra may be 
observed at suitable concentrations, 1017- 18'8 em -a. The coupling strength represents the minimum 
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value at n� 5 X 1017 cm-3, which may be a transition concentration from the coupled mode state to 
the plasmon- like state. 
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